Convective fluid motion through artery walls aids in transvascular transport of macromolecules.
Introduction
Convective fluid motion is implicated in the transvascular transport and deposition of macromolecules, such as lipoproteins, in artery walls (5) , possibly by altering the "sieving properties" of the intima and media. Fluid convection may act together with increases in intimal permeability, related to endothelial cell turnover in the artery wall (14) , to enhance transport of lipoprotein. Lipid accumulation is a precursor to arteriosclerosis (5, 45) . Therefore, factors that regulate fluid transport in the arterial walls are important regarding atherosclerosis, with one factor, ignored in the literature, being the pulsatile nature of blood pressure.
Previous studies have been conducted on fluid motion through artery walls (5) , usually by varying hydrostatic pressure and allowing transient viscoelastic effects to subside. Arterial hydraulic conductance, L p , a characteristic parameter of convective fluid motion, has been measured at different steady state pressures in arteries (5, 8) . However, in vivo, pulsatile pumping of the heart causes cyclic changes in arterial transmural pressure, creating rapid shifts in arterial wall stress, possibly changing wall transport properties and vessel transmural flow permeability.
In this study, vessels were examined that were initially subjected to steady pressure and subsequently a pulsatile pressure was superimposed. Although this model differs from real arteries, such a study is useful for three reasons: 1) Diagnosis of the mechanics of arteries, specifically, which structures are more affected by pulsatile pressures versus steady pressure. In this case, studying the transition from steady to pulsatile pressure could be of great use in determining which wall structures are changed as the artery settles into a pulsatile regime. 2) Physiologically, this study may be of interest with regard to smaller arteries and arterioles operating in the region in which When measuring rates of fluid filtration in the artery wall under pulsatile pressure, it is essential to simultaneously monitor arterial inner diameter, otherwise extra fluid entering the vessel lumen, as a result of a residual distension, will be counted as filtration, and thus the volume of fluid entering the artery wall will be overestimated. Residual distension can be defined as any measurable, sustained increase in arterial diameter caused by hysteresis in the pressure and diameter relation (creep). This hysteresis may have multiple causes, such as alterations in vascular tone, or in stretching of other structural components of the wall. In order to make an accurate measure of residual distension, a precise non-invasive technique must be used. For example, low-coherence reflectometry has been used for geometrical measurements on retinas and ocular structures (19). Extending low-coherence reflectometry to tomographic systems produced Optical Coherence Tomography (OCT) (19). OCT has captured detailed images of stents and layered structural details in the intima and media in porcine coronary vessels that cannot be resolved by intravenous ultrasound (38). OCT has imaged vessels in skin of small animals with micrometer accuracy, forming cross-sectional images to find stopcock attached to the distal cannula was closed, and the pressure adjusted to 40 mmHg. The proximal stopcock was then closed and the artery was kept warm (37°C) and moist with PBS. The fluids perfusing and surrounding the artery contained the same albumin concentration (4.0%) (39).
Tedgui and Lever (39) have studied albumin concentration gradients in artery walls with equal concentrations of isotopically labeled albumin at the luminal and adventitial sides. In these experiments, the eventual concentration profile, after 90 minutes, was fairly uniform throughout the artery wall (at approximately 6% of the perfusate/suffusate concentration). Thus, there is a net tendency for water flux to be directed outward from the center of the wall, due to the colloid osmotic pressure difference of about 20 mmHg (25). Although the colloid osmotic fluid flux toward the lumen wall opposes the hydrostatic fluid flux, the former flux is considerably smaller than the latter.
The artery was excised and the original physiological length was maintained with a stainless steel holder clipped to each cannula. The cannulae were attached to closed stopcocks to maintain artery pressure, and the artery was connected to a rig and preconditioned by repeatedly pressurizing and depressurizing between 10 and 100 mmHg, following previously established procedure (7) . An airbubble introduced into a length of tubing attached to the artery ( figure 1A ) was used to measure the artery L p under steady pressure following a previously established procedure (7) . Using this technique, a step-change in pressure is imposed on the arterial lumen and the bubble undergoes a rapid displacement consistent with filtration through, and distension of, the artery wall. After a few minutes the bubble then moves with a constant velocity corresponding to the transmural fluid filtration rate, which then is used to obtain Lp (see equation 1 below). The steady state L p was measured in each vessel used in this study, prior to application of the pulsatile pressure pulsations. The pump acted on a recirculating loop that branched to a smaller diameter tube connected to the artery, creating a high resistance branch with oscillatory pressure without net fluid flow ( figure 1A) .
A Viggo-Spectramed pressure transducer was attached to the cannula at the other end of the artery and the outlet was closed. Baseline pressure was set via an attached pressure reservoir and sphygmomanometer bulb and a calibration curve for the pressure transducer was created at the start of the experiment. Next, the Harvard pump was activated and six sets of 5-pulse trains, followed by six sets of 20-pulse trains at 60 and 80 mmHg baseline pressures at a frequency of one pulse per second were applied. Therefore, there was a period of steady, baseline pressure, followed by the pulse train, and then a return to steady pressure prior to the next pulse train (allowing the OCT files to be saved, the OCT system to be reset, and, if necessary, the camera position to be changed to capture the bubble motion). The duration of the steady pressure period between pulse trains was estimated to be 10-20 seconds. Data on the fluid flux into the artery during these interim periods were not obtained. The reason that six 5 pulse trains were used at the beginning of each experiment was because preliminary experiments showed that 5-pulse trains optimized the number of runs available during the initial 30-second period. The experiments were continued with 20-pulse trains, rather than 5-pulse trains, because initial tests showed that by this time the filtration rate was not rapidly changing and so did not require such frequent monitoring. Interference only occurs when the optical pathlength of the light in the reference and sample arms is within a coherence length of the light source, so back-reflections from a select depth in the sample can be measured, one retroreflector period corresponding to a single A-scan or measure of backreflectance versus depth. Thus, the detector of the recombined light produces a complicated output due to intensity changes in the received signal as structural interfaces are traversed. The image is then processed by the OCT computer software to reduce noise, and every point on the scan is assigned a grayscale pixel value. In this way, an image of the artery walls, at a single point on the artery length, is obtained at each sampling period (0.1 seconds) (10) . From these scans the arterial inner diameter can be measured at a given time point, using NIH Image computer software.
A similar OCT system has been described previously (21). In the present experiment, the short- 
where l is the artery length and n is the index of refraction. Diameter measures from OCT (2R o and 2R f ) are Optical Path Length measures and must be divided by the index of refraction to become "true" measurements.
The estimated residual increase in artery diameter required to create the observed shift in bubble position was calculated to be 90 µm, which is within the 11-µm resolution of the OCT, assuming an arterial inner diameter of approximately 2.0 mm. Therefore OCT could be used to determine whether or not an apparent increase in filtration was merely due to residual distension of the artery.
Statistics
The mean volume accounted for by residual distension, after a given number of pulses, was compared to the corresponding mean experimental volume (averaged over the 5 arteries) using Student's t-test (p<0.05) (in cases in which the Kolmorogov-Smirnov test showed normality).
Where normality was not found in a population, groups were tested using the Wilcoxon Rank Sum test (Mann-Whitney Rank-Sum test). Error bars represent standard errors. The experimental volume corrected for residual distension, averaged over the six 5-pulse values between 0 and 30 pulses, was compared to the corresponding steady state value using the Student t-test (p<0.05), after assuring a normal distribution of the values using Kolmorogov-Smirnov test. The 0 -30 pulse mean experimental value was also compared to the average of the experimental values obtained between 50 and 150 pulses, the latter parameter being divided by four to account for the fact that these were 20-pulse trials rather than 5-pulse trials.
Results
To calculate the volume of fluid filtered through the artery wall, the L p of each of the six arteries was measured experimentally as described before, and values were obtained ranging from 6.2 to 27. 
Discussion
This study has demonstrated changes in fluid influx into the artery wall when a pulsatile pressure is superimposed on an existing steady pressure. The effect of such pressure has been to create a large, increased transient "burst" of filtration that settles to a more gradual filtration after 30-50 pulses (at 60 mmHg baseline pressure) or 110 total pulses (80 mmHg baseline pressure), with one pulse equal to approximately one second. These mechanical changes in arteries observed with the transition from steady to pulsatile pressure are important because they may alter arterial wall macromolecular transport properties (15, 16 ). An example in which such conditions might be encountered in vivo is when arteries become occluded, or partially occluded. After relief of the occlusion, a pulsatile pressure is suddenly superimposed on a steady pressure, and our experimental findings predict that there will be a subsequent transient "burst" of filtered fluid. A main cause of reperfusion injury has been described as a "burst of reactive oxygen species" (22), which might correspond to the burst of filtration found in this study. The transient burst could serve to drive these toxic agents deeper into the artery, thereby causing more injury, and a more inflammatory-like response, as well as convectively moving larger molecules, such as oxidated LDL, which has been implicated in the pathogenesis of atherosclerosis (32).
Two to three minutes after the onset of pulsatile pressure, at 60 or 80 mmHg, approximately 7 to 9 times the predicted steady state filtration volume had passed through the endothelium into the artery wall. It might be expected that such a large transendothelial fluid transfer would trigger a structural compliance phase representing an initial "filling" or rehydration of the tissue (18), followed by a third lesser compliance phase when the tissue has filled and is now under tension (18). Auckland (2) describes this latter state as "reduced compliance due to restriction by fascias." Figures 3 and 4 likely show a similar initial filling phase followed by a restricted phase afterward.
From these previous studies, it appears that two effects, either singly or in combination, might provide a mechanism for our results. Pulses mimic carotid artery pulses without a dicrotic notch, due to a lack of mitral valves (28). 
